Although investigations have dealt with softening of brined cucumbers since 1899 (Aderhold), the studies have been primarily concernied with proving the bacterial theory of spoilage. Much effort has been directed toward implicating the aerobic bacilli as the responsible agents (Kossowicz, 1908; LeFevre, 1919; Fabian and Johnson, 1938; Faville and Fabian, 1949; Demain and Fabian, 1950, Unpublished Experiments; and Vaughn et al., 1954) .
terial theory of spoilage. Much effort has been directed toward implicating the aerobic bacilli as the responsible agents (Kossowicz, 1908; LeFevre, 1919; Fabian and Johnson, 1938; Faville and Fabian, 1949; Demain and Fabian, 1950, Unpublished Experiments; and Vaughn et al., 1954) .
The nature of the acid fermentation of cucumbers presents three important obstacles to serious consideration of the much-studied aerobic bacillus theory of softening spoilage: (1) the salt content of the fermenting brines; (2) the acidic condition of the brine aind accompainying drop in pH resulting from early and rapid development of the lactic acid bacteria; and (3) the low oxygen tension of the brine attested to by excellent grow-th of the microaerophilic, lactic acid bacteria. SucK conditions wrould indeed be highly restrictive if niot wholly inhibitive for growth by aerobic, sporeforming bacteria of the genius Bacillus. Thus it is niot surprising that populations for these organisms have niot beeii demonstrated in cucumber fermentations brined under conditions typical of the industry.
Early brining studies (UInpublished) by Etchells anid Jones (1940) , conducted with replicated 45-gallon barrel lots at a commercial pickle plant in easterni North Carolina, confirmed the above conclusion that cucumber fermentations offer a rather unfavorable environment for development of aerobic bacilli. Heavy inocula of washed cells of young cultures of Bacillus mesentericus fuiscas (Bacillus stibtilis) failed to develop when added to cucumber fermentations at the outset, and the cured brine-stock showed no loss of firmness over uninoculated controls. Furthermore, in other experiments, broth filtrates from the above organism, when added to cucumber fermentations at the start, did not cause softening 910 of the Journal Series. of the brined material.5 This work, which employed a transfer of the same organism used by Fabian and Johnson (1938) , was an attempt to extend to actual brining conditions the earlier experiments of these workers who concluded, on the basis of laboratory tests, that the aerobe, B. mesentericus fuscus, was chiefly responsible for the softening of brined cucumbers.
The various studies on the aerobic bacilli in relation to softening spoilage, beginning with Fabian and Johnson (1938) , did much to reveal the nature of the peetinolytic enzymes elaborated by these organisms, particularly as to pH optima (above 7) but, in so doing, cast serious doubt as to their actual importance as the causative agents. For example, Fabian aind Johnson found it necessary to "freshen" or desalt brine-cured cucumbers thus removing both the salt and brine acid before softening could be obtained with a filtrate from the growth of B. mesentericusfuscuts. This, in effect, demonstrated that they were working, and probably the first to do so in the genus Bacillus, with a pectinolytic enzyme system with a high pH optimum (above 7) which would be inoperative at the pH range of regular brine-stock (4 and below).
Later Nortje and Vaughn (1953) established that the pectinolytic enzymes of B. subtilis (B. mesentericus fuscus) and B. pumilis had pH optima of 8.5 and 9.4, respectively. They also demonstrated the instability of the B. subtilis enzyme, 96 per cent was destroyed in 3 days at pH 4.5. These important findings would certainily further minimize the role of aerobic bacilli in softeninig spoilage. Observations based on numerous commercial cucumber fermentations in several importanit production areas of the United States have demonstrated that a rather precipitous drop in brine pH can be expected within a relatively short period after the vats are filled; for example, in the general range of pH 6.0 to 5.5 in 24 hr; 4.7 to 4.0 in 48 hr; and ETCHELLS, BELL, MONROE, MASLEY, AND DEMIAIN below 4.0 in 3 to 4 days (Jones, 1940; Jones and Etchells, 1943; Etchells et al., 1952; and Danielson, 1956, personal communication) .
In 1950, Bell et Bell (1951) in staminate and pistillate flovers of two varieties of pickling cucumbers. In view of the rather serious limitationis discussed earlier, connected with the aerobic bacillus theory of softening of brined cucumbers, the fungus-enzyme theory seemed both refreshingly different and plausible. In this new approach to the origin of softening enzymes in brines, the responsible enzyme system concerned (chiefly pectinolytic) would be predeveloped, mostly as the result of fungal growth, and introduced per se into the brining vats, principally by flowers attached to immature cucumber fruit and to a lesser extent by the fruit itself. Such introduced enzyme would of necessity be required to have properties capable of softening activity under rather rigid conditions as to acidity, pH, and salt content offered by commercial (luring brines. LPectinolytic enzymes attributed to fungal source meet these important re(uirements (Bell et al., 1950) ; however, those of bacterial origin, such as produced by the aerobic sporeformers and the soft-rot bacteria that have been studied, apparently do not have these properties (Fernando, 1937; Oxford, 1944; Nortje and Vaughni, 19053; Kraght and Starr, 1953; Wood, 1955; and Demain and Phaff, 1957) .
WVith the above points in mind, studies were designed -and completed during the past few years to test the fungus-enzyme theory. These have dealt with microbiological, enzymological, anid physical aspects of the softening problem, including: (1) microbiological flora (filamentous fungi, yeasts, and bacteria) of the growing cucumber plant with special reference to populations, taxonomy, and enzyme activity of the predominating fungal species; (2) observations under commercial conditions to determine the degree of retention of flowers on cucumber fruit throughout the harvest season, the enzyme activity of such flowers, and their ability to soften cucumbers in brining tests; (3) Raymond, Etchells, Bell, and Masley, Unpublished Observations).
The present paper represents a detailed report on: population estimates of filamentous fungi occurring on flowers, ovaries, and fruit of the cucumber plant (Cucumis sativus L.); pectinolytic enzyme activity of such cucumber material; and pectinolytic and cellulolytic enzyme activity of certain of the fungus species isolated during the study. A summary of part of the work has appeared earlier The fruit samples (20 fruit each), together with an equal weight of saline in 1-L flasks, were shaken by hand (100 times).
Cultural and isolation procedure. Decimal dilutions of the blended flower samples and washings from the ovary and fruit samples were streaked on the surface of previously poured plates of three media by use of a calibrated platinum loop (0.01 g capacity). The media used were: (A) Littman's (1947) oxgall agar9 with streptomycin (30 ,ug per ml) designed for primary separation and isolation of fungi from other microorganisms; (B) nitrogen base agar prepared from Wickerham's (1951) yeast nitrogen base9 broth as described by Etchells et al. (1953) and acidified with 3 ml of 5 per cent tartaric acid per 100 ml of melted medium to inhibit bacteria, yet permit good growth of yeasts and ade(quate but, restricted colonial development of higher fungi (Etchells et al., 1954) ; and, (C) Conn's glycerol asparaginate agar (1921) used for cultivation of soil bacteria.
The streaked plates were usually incubated 4 days at 28 C and counted. At each platinig interval, plates from the high dilutions of two media (A and B) wvere set aside for picking representative colonies of higher fungi directly to slants of potato dextrose agar. This resulted in a collection of 1032 fungus isolates for taxonomic study, which will be the subject of a separate report (Raymond et al., Unpublished Observations) as will be the case for population studies of yeasts and bacteria. In additioni to the taxonomic study, the proportion of each predominating fungus species presenit among the isolates wvas assigned to the 9 Obtained from D)ifco Laboratories, Detroit, 1lichigan. 1 For this study the freshly opened. pistillate flower was used (see figure 1). § Immature fruit, no. 1 size, approximately 1 to 14 in. diameter (see figure 1 ). ¶ Retained, partially dried flowers removed from no. 1 size fruit (see figure 1 ). I I These samples consisted of fruit being sent to the brining station usually from five receiving and grading, stations.
total colonies on the plate in order to obtain an estimate of their numbers in the samples collected throughout the season. Pectinolytic activity measurements of samples. Certain dilutions of the blended flowers samples (1:100) and those of the washings from the ovary (1:10) and fruit samples (1: 1), prepared for microbiological examination, were analyzed for pectinolytic activity by the method of Bell et al. (1950) . In this procedure, the ability of a sample to decrease the viscosity of a 2.5 per cent pectin solution buffered with citrate at pH 4.0 and at 30 C is measured (100 units equals 50 per cent viscosity loss in 6 days).
Pectinolytic activity of fungi. Initially, a large number of isolates were rapidly screened by the technique of Bell and Etchells (1956) . By this method, their ability to cause such biochemical changes of pectin during growth that would result in loss of gel properties is determined.
A total of 274 isolates, representing species of fungi in 34 genera and 10 unidentified groups, was screened; five cultural media,10 containing 0.5 per cent pectin, were used for each culture tested. The reactions reported for the rapid screening technique in most cases are based on the combined observations from tests made using the five media; however, medium IVA, mineral salts plus pectin, was considered to give the most satisfactory results wherein positive or negative results were readily verified by pectinolytic enzyme activity measurements on the culture filtrates.
It is realized that with the rapid screening technique, the lack of pectinesterase production by an isolate may limit or prevent glycosidic hydrolysis by polygalacturonase. For this reason, pectinolytic activity of many of the isolates was further checked by the viscometric method of Bell et al. (1955) . Here (Wickerham, 1951) Other cellulolytic tests for fungi. The representative fungus cultures were examined for their ability to grow in a mineral salts broth with filter paper as the sole carbon source; also, certain of those shown to be positive were further tested for their cellulolytic activity by determining their power to destroy the tensile strength of cotton fabric. In the filter paper test, Whatman no. 4 paper was cut in 0.5 by 5 in. strips and placed one each as inverted U's in % by 6 in. size test tubes, together with sufficient mineral salts broth (White and Downing, 1951) so that each strip was two-thirds submerged. The strips were inoculated from cultures growing on slants of potato dextrose agar by point inoculation with spores, or a bit of mycelium on both sides of the bend of the strip which extended above the liquid. Incubation was at 28 to 30 C at high humidity (90 per cent RH).
The procedure used for determining the ability of certain of the fungi to attack and reduce the tensile strength of cotton fabric in pure culture was essentially that described by White and Downing (1951 RESULTS Remarks on cultural procedure. The streaking technique, with the selective media used, proved most satisfactory for estimating fungal populations of the various samples of cucumber material examined. In most cases, the colonies were well distributed over the surface of the plates and isolations for taxonomic purposes could readily be made without concern for contamination problems usually associated with picking subsurface colonies from samples plated on selective media. Two media, Littman's oxgall agar and acidified, nitrogen base agar, were used throughout the study. Both were generally considered adequate; however, there were some differences worthy of mention.
Population trends obtained with oxgall and niitrogen base agars were considered comparable, although slightly higher total numbers were usually obtained with the former medium (see figure 2) . The oxgall agar plates required that strict attention be paid to counting and picking colonies within a 4-day incubation time; a longer period usually resulted in such luxuriant fungal growth as to preclude both counting and picking individual colonies. In contrast, the fungi developed more slowly on the nitrogen base agar, and the plates could be readily counted up to 10 days' incubation. The colonies, after this length of time, showed adequate growth (average, 1 to 1.5 cm in diameter), but were effectively restricted from spreading. This property of the medium permitted refrigeration of the plates until the conclusion of the study, and then the colonies were picked.
Some difficulty was encountered with streptomycinresistant bacteria in the form of wet, spreading colonies growing on the oxgall agar plates. This was particularly noticeable with certain cucumber fruit samples collected from the brining station at the sixth sampling interval. In this instance, although fungus counts could be made for the five samples, bacterial contamination was such that fungus isolations could only be made from one sample. Restreaking of these samples with increased amounts of streptomycin (up to 100 lg per ml) did not control the contamination. Nitrogen base agar presented no bacterial problems; the pH of the medium (about 3.5) was sufficiently low to effectively control these organisms.
The foregoing discussion of the two media has considered certain cultural aspects connected with their use in enumeration and isolation of the fungi; any significant taxonomic differences between the isolates obtained from these media will appear in another report (Raymond et al., 1958) . Flowers (see table 3 ). During the 7-week sampling period, fungus populations for freshly opened field flowers increased markedly, from 2500 per g to over 300,000 (see figure 2) If calculated on an individual fruit basis, the fungus counts (presumably resulting mainly from spores on the fruit surface), shown in table 3, would be about 11 to 20 times higher, depending upon the average fruit weight for a given interval. The variability of fruit weights shown are to be expected for material collected in the approximate size range of 1 to 118 in. diameter.
Fungus Population Studies
Pectinolytic Activity of Samples Summarized results, based on seasonal averages, for softening enzyme activity of the various samples of cucumber material, together with seasonal fungus counts, are presented in figure 3 . Additional information pertinent to the study of enzyme activity of samples collected from different sources during the season follows.
Flowers collected from fields, or from the brining station, were extremely high in pectinolytic activity; this was particularly the case for samplings subsequent to June 19th. Further, flowers from four of the five individual fields were generally comparable as to the amount of enzyme activity found throughout the season; samples from one field were consistently lower Pectinolytic activity of ovaries and fruit collected from fields was considerably lower than that of either station or field flowers; such activity was primarily restricted to material from the June 26th and July 3rd samplings. Also, of the five fields sampled, material from three contributed practically all of the pectiiiolytic activity for ovary and fruit samples.
Fruit collected from the brining station had about one-fourth the pectinolytic activity as compared to field fruit; further, the former was consistently low! in enzyme activity throughout the season. Samples of flowers and ovaries collected from the greenhouse gave little evidence of pectinolytic activity; six of the eight samples collected during the seasoni gave negative readings; two, one each for flowers and ovaries, were very low.
Maximum pectinolytic activities for samples collected from fields and from the brining stationi were reached coincident with the June 26th sampling. These values (table 4), together with those from greenhouse material, permit comparison of peak enzyme activities obtained for different types of samples.
Pectinolytic activities of cucumber material, such as those shown in table 4 and those in figure 3 were measured at pH 4.0. This would indicate that such enzyme activity was of fungal origin. This view is further supported by the high fungus counts obtained for station and field flowers which correlated very well with their high enzyme activities; also, station fruit gave low fungus populations, together with enzyme activ?ity of a low order. Finally, the greenhouse samples revealed low fungus populations and negligible enzyme activity.
The low pectinolytic activity for field ovaries and fruit samples from the last part of the season did not correlate too well with the fungus populations. This could be attributed to a predominance of accumulated fungus spores on the ovary and fruit surface during this period. Such spores would develop as colonies on Action of Futngi on Pectin and Cellulose Over 1000 cultures of fungi were isolated from flow-ers, ovaries, and fruit of the cucumber plant during the 1952 season. This collection of isolates was subjected to taxonomic investigation, and the results will be reported in detail by Raymond et al. (Unpublished Observation) . Inasmuch as representative isolates of various identified species were tested for their action on pectin and cellulose, a brief summary of the taxonomic findings, based on the above report, is of interest.
Of the 1032 cultures isolated, 964 (93.4 per cent) were reduced to 72 species in 34 genera; the remaining 68 isolates (6.6 per cent) were placed in 10 unidentified groups. Further, 31 species in 5 genera represented 80.5 per cent of the total isolations, and 41 species in 29 genera account for 12.9 per cent. Five single species in the 5 genera-Penicillium, Ascochyta, Fusarium, Cladosporium, and Alternaria represented 60 per cent of all isolations. These species were: Penicillium oxalicum, were negative, 7 were weak, and the remaining 10 ranged from moderate to very strong in pectinolytic enzyme activity. The two assays of pectin breakdown checked well; the only discrepancy was in the case of Papularia arundinis, which was positive in the rapid screening procedure but whose culture filtrate failed to reduce the viscosity of the polypectate solution.
When our results, shown in table 5, are compared to the results of previous workers, it can be seen that no disagreements are in evidence. It is further noted that species in many of the fungi genera apparently have not been studied heretofore.
Action on cellulose. Extensive studies by White et al. (1948) , Marsh et al. (1949) , and Reese et al. (1950) have been made on the cellulolytic activity of large collections of fungus isolates representing numerous species in a wide variety of genera. In these important investigations, activity was measured by decline in tensile strength of cotton fabric resulting from growth of pure cultures of the fungi in a mineral salts medium.
Based on these reports, the following general patterns of cellulolytic activity for the 34 genera of fungi obtained from the cucumber plant seem likely: (1) activity would be expected with a high degree of frequency among isolates of 18 genera, that is, Alternaria, Cladosporium, Cephalosporium, Chaetomium, Fusarium, Curvularia, Gliocladium, Helminthosporium, Humicola, Myrothecium, Papularia, Pestalotiopsis, Sporotrichum, Trichoderma, and possibly Phoma, Heterosporium, Thielavia and Stysanus; (2) negative results for activity would be expected for isolates of 6 genera, that is, Cunninghamella, Geotrichum, Metarrhizium, Mucor, Pullularia, and Rhizopus; (3) activity among isolates of Aspergillus and Penicillium would not be expected to occur with any degree of regularity except for certain species in the various groups, subgroups, or series of these genera; and, (4) it seems that an insufficient number of isolates have been studied in the 8 remaining genera, Ascochyta, Cercospora, Choanephora, Colletotrichum, Pseudonectria, Rosellinia, Stagonospora, and Truncatella, to * The fungi were grown for 3 weeks at 30 C in medium IVA (mineral salts with pectin) and 1 ml each of the clear fungus filtrates were added to quart jars of commercially prepared, pasteurized cucumbers (1 in. diameter, Model variety) equalized at 2.5 per cent salt, 0.6 per cent acetic acid and pH 3.7; all jars, including controls, were preserved with toluene, resealed, and incubated 18 days at 30 C. The U.S.D.A. Fruit Pressure Tester was used to determine cucumber firmness ; controls without added filtrates averaged 15.5 lb whereas cucumbers from jars with purified polygalacturonase (1 mg per quart jar) showed complete loss of firmness.
t Variable. degrade cotton cloth. All were active except M. silvaticus.
Pattern of enzyme activity of principal fungi. A probable pattern of pectinolytic and cellulolytic activity of the 10 most frequently isolated fungi from flowers, ovaries, and fruit of the cucumber plant is shown in table 7. It will be observed that all of these species, which represented almost 75 per cent of the total isolations (1032), are pectinolytic and all but one are also cellulolytic. Further, they were active in reducing the firmness of cucumber tissue. The first five species listed accounted for 60 per cent of the isolates obtained, and in addition composed most of the total fungus populations of field flowers and station flowers throughout the 1952 season. In view of this, it seems most likely that growth by these particular species was chiefly responsible for the concentration of pectinolytic activity demonstrated for such flower samples. It will be recalled that the softening of 10 commercial vats of brined cucumbers during the 1952 season was attributed to pectinolytic enzyme activity of cucumber flowers adhered to the cucumber fruit introduced into the curing vats. During the 4-to 6-week harvest season, rather high fungus populations and accompanying pectinolytic enzyme activity were obtained for certain samples of cucumber material. This was especially true for flowers collected from fields and those removed from fruit at the brining station. The latter, because they are introduced into the vats with the fruit that is brined, were considered a potent source of softening enzymes in commercial cucumber brines.
Representative isolates of the various species of fungi isolated from cucumber material, subsequently identified in a companion study, were tested for their action on pectin and cellulose. Of the 72 species in 34 genera obtained, most proved to be both pectinolytic and cellulolytic; this was particularly the case for cultures representing the most frequently isolated species.
Five species in five genera, Penicillium, Ascochyta, Fusarium, Cladosporium and Alternaria, represented 60 per cent of all isolations (1032) and were found to be highly important sources of pectinolytic enzyme activity. Growth by these particular species was considered to be chiefly responsible for the fungal populations and pectinolytic enzyme activity demonstrated for flower samples collected during the season.
The studies reported definitely implicate filamentous fungi as the actual causative agent responsible for softening-spoilage of cucumbers brined under commercial conditions typical of the South. Further, it is believed that the softening enzyme systems are introduced into curing brines chiefly by way of the fungusladen flowers that remain attached to the cucumbers, and to a lesser extent by the fruit itself.
